Gravitational-wave standard sirens present a novel approach for the determination of the Hubble constant. After the recent spectacular confirmation of the method thanks to GW170817 and its optical counterpart, additional standard siren measurements from future gravitational-wave sources are expected to constrain the Hubble constant to high accuracy. At the same time, improved constraints are expected from observations of cosmic microwave background (CMB) polarization and from baryon acoustic oscillations (BAO) surveys. We explore the role of future standard siren constraints on H0 in light of expected CMB+BAO data. Considering a 10-parameters cosmological model, in which curvature, the dark energy equation of state, and the Hubble constant are unbounded by CMB observations, we find that a combination of future CMB+BAO data will constrain the Hubble parameter to ∼ 1.5%. Further extending the parameter space to a time-varying dark energy equation of state, we find that future CMB+BAO constraints on H0 are relaxed to ∼ 3.0%. These accuracies are within reach of future standard siren measurements from the Hanford-Livingston-Virgo and the Hanford-Livingston-Virgo-Japan-India networks of interferometers, showing the cosmological relevance of these sources. If future gravitational-wave standard siren measurements reach 1% on H0, as expected, they would significantly improve future CMB+BAO constraints on curvature and on the dark energy equation of state by up to a factor ∼ 3.
I. INTRODUCTION
Gravitational-wave standard sirens (GWSS) have been proposed as a powerful method for the determination of the Hubble constant (see e.g. [1] [2] [3] [4] [5] ). The feasibility of the method has been experimentally confirmed by the recent spectacular observations of the event GW170817 [6] and the detection of an associated optical counterpart [7] [8] [9] , yielding a constraint of H 0 = 70 +12 −8 km/s/Mpc (maximum a posteriori value with minimal 68.3% credible interval) [10] . While this constraint is much weaker than those currently obtained from measurements of luminosity distances of standard sirens or observations of the cosmic microwave background (CMB) anisotropies, it is expected to significantly improve in the next years with the discovery of additional standard siren events. Moreover, this kind of measurement is clearly of particular interest given the current discrepancy on the value of H 0 between standard candle luminosity distances of Cepheids and Type Ia supernovae, that report a value of H 0 = 73.24 ± 1.74 km/s/Mpc at 68% C.L. [11] (R16, hereafter), (H 0 = 73.52 ± 1.62 km/s/Mpc at 68% C.L. in the new analysis of [12] ), and CMB measurements from the Planck satellite [13] that gives H 0 = 66.93 ± 0.62 km/s/Mpc at 68% C.L. (see also [14] ). Current observations of baryon acoustic oscillations (BAO) are in agreement with the Planck cosmology and a combined Planck+BAO analysis gives H 0 = 67.72±0.51 km/s/Mpc at 68% C.L. [15] , also in strong discrepancy with the standard candle results of [11, 12] .
While unidentified systematics could be clearly present, this tension may indicate the need of new physics beyond the standard ΛCDM model. Indeed, since the Planck constraint is derived under the assumption of ΛCDM, simple extensions to this model could relax the CMB constraint. For example, new physics in the dark energy or neutrino sectors can significantly undermine the Planck constraints on the Hubble constant, solving the current tension on H 0 (see e.g. [11, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] ). Moreover, a time varying dark energy equation of state could also alleviate the tension between the Planck+BAO and the R16 constraint (see e.g. [18, 36, 37] ). Clearly an independent and accurate future determination of H 0 from GWSS will play a key role in confirming or rejecting the possibility of new physics beyond ΛCDM.
It is to emphasized that an accurate measurement of the Hubble constant, even though it is a low-redshift quantity, can have important consequences for other higher-redshift cosmological parameters such as the dark energy equation of state [38] . The possibility of constraining cosmology with GWSS has been already considered in several previous works (see e.g. [4, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] ).
Some of these studies analyzed "far future" experiments such as the LISA satellite mission [49] expected to be launched in 2034 or third generation interferometers such as the Einstein Telescope [50] or the Cosmic Explorer [51] . However, recently, in [5] it has been estimated that, depending on the discovery rate of binary neutron stars, a sub-percent determination of the Hubble constant from GWSS could be achieved by the Hanford-LivingstonVirgo (HLV) network as early as during the second year of operation at design sensitivity (∼ 2023 [52] ). Given the rate uncertainties, a sub-percent measurement may have to wait for two years of the Hanford-LivingstonVirgo-Japan-India (HLVJI) network, which is expected to commence operations ∼ 2024+. On the other hand, a significant improvement in the observational data is expected from the next CMB and BAO experiments. Future satellite missions such as LiteBIRD [53] and ground based experiments such as CMB-S4 [54] will improve the Planck results thanks to cosmic variance limited measurements of CMB polarization. The LiteBIRD satellite is a JAXA strategic large mission candidate in Phase-A1 (concept development) and is currently scheduled for launch around 2026-2027. A complementary groundbased CMB experiment with the sensitivity of CMB-S4 is at the moment planned after 2023. Similarly, galaxy spectroscopic surveys such as DESI ( [55] , expected to be completed by 2023) will observe BAO with unprecedented precision.
The level of accuracy on the Hubble constant expected from future CMB+BAO observations can reach the 0.15% level (see e.g. [56] ). This could naively appear as an order of magnitude more accurate than future projections for standard sirens constraints. However the CMB+BAO constraint is obtained under the assumption of ΛCDM and, as we show below, can easily be more than one order of magnitude weaker in extended cosmological scenarios. These extended scenarios are of particular interest as they may offer a solution to the existing tension between different measurements of H 0 .
We emphasize that standard sirens constitute a direct measurement of the luminosity distance, obviating the need for a distance ladder. The absolute calibration of the source is provided by the theory of general relativity. The possible systematics associated with standard siren measurements are expected to reside primarily with the instrument, and in particular, with the calibration of the photodetectors which lead directly to the measurement of the amplitude of the gravitational waves. This calibration is expected to be achieved to better than 1% in the near future [57] . Gravitational wave standard siren measurements thus have the potential to provide a particularly clean and robust probe to the sub-percent level. This is to be compared with the case of Type Ia supernovae standard candle measurements, which involve astronomical calibrators such as Cepheids, and multiple rungs of the distance ladder. It remains unclear whether the supernova systematics can be reduced to the ∼ 1% level (see, e.g., [58] [59] [60] ). However, if supernovae achieve this level of accuracy on the measurement of H 0 , then our results apply directly to them as well. Of course, supernovae also offer the opportunity to probe to much higher redshifts than GWSS, and therefore offer additional cosmological constraints.
It is therefore timely to investigate what kind of additional constraints a direct determination of H 0 with ∼ 1% accuracy from GWSS can bring, with the expected completion of new CMB and BAO surveys within the coming decade. In this paper we address this question by forecasting the cosmological constraints from future CMB and BAO surveys in extended cosmological scenarios and by discussing the implications of an additional independent and direct H 0 measurement at the level of 1% from upcoming GWSS sources.
Our paper is structured as follows: in the next section we discuss our methods, in section III we present our results, and in section IV we present our conclusions.
II. METHOD
In this section we describe our forecasting method.We start with a description of the assumed theoretical framework, and then discuss the generation of forecasts for CMB, BAO, and standard sirens constraints.
A. Extended models
As discussed in the introduction, in this paper we consider parameter extensions to the standard ΛCDM model. These models, as we discuss below, are physically plausible, compatible with current observations, and able to solve in some cases the current observed tensions between cosmological datasets. The standard flat ΛCDM model is based on just 6 parameters: the baryon ω b and cold dark matter ω c physical energy densities, the amplitude A S and the spectral index n S of scalar primordial perturbations, the angular size of the sound horizon at decoupling θ s and the optical depth at reionization τ . Following [35, 61] we consider variations with the addition of 4 additional parameters:
• Curvature, Ω k . Most of recent analyses assume a flat universe with Ω k = 0 since this is considered as one of the main predictions of inflation. However, inflationary models with non-zero curvature can be conceived (see e.g. [62] ). Moreover the recent results from Planck prefer a closed model Ω k > 0 at more than two standard deviations [15] . Including further data from BAO strongly constrains curvature with Ω k = 0.0002 ± 0.0021 at 68% C.L. and perfectly compatible with a flat universe [15] . However this result is obtained in the framework of ΛCDM+Ω k , i.e. in one single parameter extension while here we want to analyze a larger parameter space, varying ten parameters at the same time. In this scenario the current Planck+BAO constraints on Ω k are weaker.
• Neutrino mass, Σm ν . Neutrino oscillation experiments have demonstrated that neutrinos undergo flavor oscillations and must therefore have small but non-zero masses. However the neutrino absolute mass scale and the mass hierarchy are not yet determined (see e.g. [63] for a recent review). Usually, as in [15] , the total neutrino mass scale is fixed to Σm ν = 0.06eV, corresponding to the minimal value expected in the normal hierarchy scenario. There is clearly no fundamental reason to limit current analyses to this value and the neutrino mass should be let free to vary.
• Neutrino effective number, N eff . Any particle that decouples from the primordial thermal plasma before the QCD transition could change the number of relativistic particles at recombination increasing N eff from its standard value of 3.046 (see e.g. [64] ). An increased value of N eff can help in solving the Hubble constant tension (see e.g. [11] ). Reheating at energy scales close to the epoch of neutrino decoupling could on the contrary lower the value of N eff [65] .
• Dark energy equation of state w. While current data are in agreement with a cosmological constant, the possibility of having a dark energy equation of state different from −1 is certainly open (see e.g. [17] ). Moreover, a time evolution for w helps in solving the coincidence problem of why dark energy and dark matter have similar densities today. In this paper we consider two parametrizations, either w constant with time or the Chevalier-PolarskiLinder parametrization (hereafter CPL) [66, 67] :
where a is the scale factor, w 0 is the equation of state today (a = 1) and w a parametrizes its time evolution. This should be considered as a minimal extension since dark energy time dependences could be more complicated as, for example, in the case of rapid transitions. We consider dark energy perturbations following the approach of [68] .
In this paper we consider the following 10 parameters extensions: ΛCDM+Ω k +N eff +Σm ν +w and ΛCDM+Ω k +Σm ν +w 0 +w a . While we study extended models, for our simulated data we assume as a fiducial (true) model the standard ΛCDM model with parameters in agreement with the recent Planck constraints [15] : ω b = 0.02225, ω c = 0.1198, τ = 0.055, 100θ M C = 1.04077, Σm ν = 0.06 and n s = 0.9645. The corresponding derived value of H 0 in this model is H 0 = 67.3 km/s/Mpc. The theoretical models and the simulated data are computed with the latest version of the Boltzmann integrator CAMB [69] . Given a simulated dataset and a likelihood that compares data with theory, we extract the constraints on cosmological parameters using the Monte Carlo Markow Chain (MCMC) code CosmoMC 1 [70] .
B. Forecasts for CMB
We produce forecasts on cosmological parameters for future CMB experiments with a well established and common method (see e.g. [56, 71, 72] ). Under the assumption of the fiducial model described previously, we compute the theoretical CMB angular spectra for temperature, C T T , E and B modes polarization C EE and C BB , and cross temperature-polarization C T E , using the Boltzmann code [69] .
Given an experiment with FWHM angular resolution θ and experimental sensitivity w
2 ), we can introduce an experimental noise for the temperature angular spectra of the form (see e.g. [73] ):
A similar expression is used to describe the noise for the polarization spectra with w
−1 (one detector measures two polarization states).
We have then produced synthetic realisations of CMB data assuming different possible future CMB experiments with technical specifications as listed in Table I . In particular, we have considered a possible future CMB satellite experiments such as LiteBIRD [53] and three possible configurations for ground-based telescopes as Stage-III 'wide' (S3wide), Stage-III 'deep' (S3deep) (see [74] ), and CMB-S4 (see e.g. [54, 71, 72] ). The simulated experimental spectra are then compared with the theoretical spectra using a likelihood L given by
whereĈ l are the theoretical spectra plus noise, whileC l are the fiducial spectra plus noise (i.e. our simulated dataset). The quantities |C|, |Ĉ| are :
where D is defined as
1 http://cosmologist.info
C. Forecast for BAO
For the future BAO dataset we consider the DESI experiment [55] . If D V is the volume averaged distance, this is defined as:
where D A is the angular diameter distance and H(z) the expansion rate. Under the assumption of the fiducial model described previously, we compute the theoretical values of the ratio r s /D V , where r s is the sound horizon at the drag epoch when photons and baryons decouple, for the different redshifts in the range z = [0.15 − 1.85] listed in Table II . Given the forecast uncertainties reported in [75] for D A /r s and H(z), we then compute the uncertainties on r s /D V and we show them in Table II . The simulated BAO dataset is finally compared with the theoretical r s /D V values through a gaussian prior.
As a consistency test, we checked that by using directly the D A /r s value and the corresponding uncertainties reported in [75] instead of r s /D V , we obtain exactly the same results.
D. Forecast for standard sirens
As stated in the introduction, in this paper we want to address the question of what kind of cosmological information can be obtained from GWSS systems within the coming decade (i.e. by ∼ 2028) when complementary measurements from CMB and BAO surveys will be available. We therefore focus our attention on GW experiments that could be completed in this time-scale: the Hanford-Livingston-Virgo (HLV) network of interferometers during the second year of operation at design sensitivity (∼ 2023) and the the Hanford-Livingston-VirgoJapan-India (HLVJI) network two years after the start of operations (∼ 2026) [52] . We do not consider longer-term experiments such as the LISA [49] or DECIGO [76] missions or proposed third generation interferometers such as the Einstein Telescope [50] or the Cosmic Explore [51] that would presumably start operations no sooner than 2030. Moreover, these experiments will be able to determine the luminosity distance of GWSS at higher redshift, opening the possibility to test the acceleration of the universe (i.e. the deceleration parameter), while here we only limit our discussion to the Hubble constant (although black holes standard sirens would probe these high redshifts earlier [77] ).
Considering HLV or HLVJI and assuming the optimistic case that all binary neutron star (BNS) systems have detected optical counterparts and associated redshift measurements, the major uncertainty on the projected constraint on H 0 from GWSS comes from the BNS detection rate. The current best estimate of the BNS rate is R = 1540 +3200 −1220 Gpc −3 yr −1 [78] (median and 90% credible interval) [6] ; it is very poorly constrained given that only one BNS event has been detected to date. Following [5] we forecast 4%, 2%, and 1% uncertainties on the measurement of H 0 for the HLV network after two years at design sensitivity (∼ 2023) and assuming lower, mean, and upper BNS rates of R = 320, R = 1540, and R = 4740 Gpc −3 yr −1 . The corresponding accuracy for the HLVJI network operating after one year of operation (∼ 2025) reaches 3%, 1.4%, and 0.8% on H 0 , while after two years it arrives at 2.8%, 1.2%, and 0.7% (see Figure 3 in [5] ). We therefore conservatively estimate that standard siren measurements will reach an accuracy of 1% by 2028. Considering that our fiducial model has H 0 = 67.3 km/s/Mpc, accordingly we assume a Gaussian prior of H 0 = 67.3 ± 0.673. This prior on H 0 is introduced by importance sampling on the models (samples) drawn from our MCMC simulations [70] . In our case this translates into multiplying each sample weight by a Gaussian function, with mean and variance defined by the assumed H 0 prior, evaluated at the value of H 0 in the sample itself . For this to work it is only necessary that the obtained weights are significant for a large fraction of the re-weighted samples; this is a direct consequence of the requirement that the distribution from which the samples are drawn and the importance distribution are not too dissimilar. In what follows we will refer to this prior as GWSS67.
III. RESULTS
A. ΛCDM+Ω k +Σmν +N eff +w Model
We first forecast the constraints on cosmological parameters from future CMB data only, assuming the extended 10 parameter model ΛCDM+Ω k +Σm ν +N eff +w. The constraints on cosmological parameters for the experimental configurations listed in Table I are reported  in Table III , while 2D contour plots at 68% C.L. and 95% C.L. between the extra parameters are reported in Figure 1 . We find that future experiments, including CMB-S4, will be unable to provide significant additional constraints on geometrical parameters such as H 0 , Ω k , and w. This is due to the well known geometrical degeneracy that affects CMB observables (see, e.g., [79] [80] [81] ). CMB-S4 will improve the constraints on n S , N eff , Ω b h 2 , and Ω c h 2 by a factor of ∼ 2-5 with respect to LiteBIRD. These parameters are less affected by the geometrical degeneracy, and can thus be better constrained with an improvement in the angular resolution of the experiment. Constraints on neutrino masses will also only see marginal improvement (i.e. Σm ν < 0.32 eV for the strongest case from CMB-S4), which falls short of the Table I . Specifications for the different experimental configurations considered in our paper. In case of polarization spectra the noise w −1 is multiplied by a factor 2. Table I in case of the ΛCDM+Ω k +Σmν +N eff +w extended model. Clearly in this extended parameter space CMB data alone will be unable to significantly constrain geometrical parameters as H0, Ω k or w.
sensitivity of ∆Σm ν ∼ 0.05 eV needed to test the inverted neutrino mass hierarchy at two standard deviations. The neutrino effective number will be, on the contrary, less affected and interesting constraints at the ∆N eff ∼ 0.045 level can be achieved with CMB-S4 even in the case of a very extended parameter space.
It is interesting to investigate how the inclusion of future BAO surveys, such as DESI, can break the geometrical degeneracy and improve the constraints derived from CMB data. Assuming the same ΛCDM fiducial model, we report the CMB+DESI constraints in Table IV and we show the 2D confidence level contours at 68% C.L. and 95% C.L. in Figure 2 . The geometrical parameters are constrained almost equally by all configurations, indicating that the additional constraining power arises from the inclusion of DESI. Curvature is now determined with a 0.1-0.2% accuracy, while the equation of state can be determined with a ∼ 5% accuracy. It is interesting to note that a degeneracy is present between Ω k , w, and Σm ν , i.e. the introduction of a neutrino mass limits the Neff LiteBIRD+DESI S3deep+DESI S3wide+DESI S4+DESI Figure 2 . Forecasted constraints at 68% and 95% C.L. from CMB+DESI data for the experimental configurations in Table I in case of the ΛCDM+Ω k +Σmν +N eff +w extended model.
CMB+BAO constraints on curvature and w. In addition, after the inclusion of DESI, CMB-S4+DESI provides better constraints by a factor ∼ 2 − 4 on parameters such as n S and N eff with respect to LiteBIRD+DESI. The bounds on the sum of neutrino masses are however still affected by the remaining extra parameters (mostly by the anti-correlation with w and the correlation with Ω k ), resulting in a limit of Σm ν < 0.126 eV at 68% C.L. for the CMB-S4+DESI configuration and Σm ν < 0.202 eV at 68% C.L. for LiteBIRD+DESI. However the key result for our analysis is the constraint on the Hubble parameter. Again, between the several configurations we consider, CMB-S4+DESI provides the best constraint of H 0 = 67.4 As discussed in the previous section, a similar uncertainty can be reached by the HLVJI network after one year of observations (∼ 2025) with a BNS detection rate of R ≥ 1540 Gpc −3 yr −1 or by HLV after two years of observations(∼ 2023) if the rate is R ≥ 2800 Gpc −3 yr −1 . For simplicity we have assumed that the standard siren accuracy on H 0 scales as 1/ √ N BNS where N BNS is the number of observed BNS systems, which is a good approximation for N 20 [5] . A first conclusion is that by 2025-2030 standard sirens may offer constraints on H 0 that are comparable in accuracy to those achievable from future CMB+BAO missions at a similar epoch.
Furthermore, given existing estimates of the BNS event rate, an even higher H 0 accuracy may be expected from GWSS. In Table V and in Figure 3 we report the future constraints achievable by a combination of the CMB data and a prior on the Hubble constant with a 1% accuracy (GWSS67). This GWSS67 prior, with respect to the CMB data alone, breaks the geometrical degeneracy and improves significantly the constraints on the corresponding parameters, now producing strong bounds on cosmological parameters such as curvature (0.3% accuracy from CMB-S4+GWSS67) and w (7% accuracy from CMB-S4+GWSS67). The bound on neutrino masses is improved by ∼ 30%, while there is no significant improvement on the remaining parameters (N eff , n S , and the cold dark matter and baryon densities).
How would the inclusion of a GWSS measurement of H 0 impact cosmological constraints derived from a CMB+DESI? We answer to this question in Table VI where we report the constraints achievable from the full Figure 3 . Forecasted constraints at 68% and 95% C.L. from CMB+GWSS67 data for the experimental configurations in Table I in case of the ΛCDM+Ω k +Σmν +N eff +w extended model. combined dataset. We find that the combined analysis (in the case of CMB-S4) would constrain the Hubble constant with an accuracy of ∼ 0.5 km/s/Mpc, i.e. nearly a factor of two better than the CMB-S4+DESI case. A similar improvement is present with respect to LiteBIRD+DESI. Constraints on the dark energy equation of state are also significantly improved, by 30-40%, reaching an accuracy of about 3% with CMB-S4+DESI and 4% with LiteBIRD+DESI.
It is interesting to note that the constraints on H 0 , Ω k , and w coming from a combined analysis of DESI, GWSS, and a CMB mission such as LiteBIRD, S3deep, or S3wide, will be comparable or in some cases even better than the corresponding constraints coming from a CMB-S4+DESI dataset. For example, a 0.1% accuracy on curvature or a 3% accuracy on w can be reached by a S3wide+DESI+GWSS67 configuration instead of CMB-S4+DESI.
Alternatively, the GWSS measurement would also provide an interesting consistency check between different CMB+BAO datasets.
Finally, we consider the possibility that future standard siren measurements of H 0 will confirm the current tension on the Hubble constant between CMB+BAO and local measurements from supernovae. It is interesting to evaluate at how many standard deviations a CMB+DESI measurement of H 0 will disagree with a GWSS determination of H 0 = 73.30 ± 0.73 km/s/Mpc. From Table IV , we find that the standard siren measurement would be 4 standard deviations from the expected LiteBIRD+DESI constraint, and at roughly 5 standard deviations from the CMB-S4+DESI value. This is a significant improvement, since in an extended parameter space such the one we are considering the existing tension is at about 2 standard deviations (see e.g. [16] ).
B. ΛCDM+Ω k +Σmν +wa+w0 Model
As shown in the previous section, the neutrino effective number N eff will be measured with good accuracy even in extended parameter spaces. The main reason for this is due to the lack of the so-called early integrated Sachs Wolfe effect in polarization data. The inclusion of polarization helps in determining the amplitude of the EISW and N eff .
Since we are interested in evaluating the impact of a future GWSS measurement of H 0 , it makes sense to further Table I in case of the ΛCDM+Ω k +Σmν +w0+wa extended model.
extend the number of geometric parameters. In what follows we substitute N eff with w a , considering therefore a dynamical dark energy equation of state described by a CPL form.
In Table VII we report the constraints at 68% C.L. on cosmological parameters from the combination of future CMB and DESI data while in Figure 4 we report the corresponding 2D contours for the 68% and 95% confidence levels. If we compare with the results in Table VII and in Figure 4 with those previously obtained assuming w = constant in Table IV and in Figure 2 there is now a substantial increase (about a factor two!) in the error on H 0 . Indeed, now the combination of CMB-S4+DESI data is able to constrain the Hubble constant to only ∼ 2 km/s/Mpc error, i.e. to a ∼ 3% accuracy. Lite-BIRD+DESI constrains H 0 to ∼ 3.5% accuracy. These weaker constraints are due to the geometrical degeneracy between H 0 , w a , and w 0 . The two dark energy parameters are now weakly determined, with uncertainties of the order of ∼ 20% for w 0 and ∼ 60-70% for w a . H 0 , w a , and w 0 are also determined to similar accuracy by different CMB experiments, indicating that the constraining power in this case is coming primarily from DESI. The constraint on Ω k is virtually unchanged with respect to Table IV , and varies with the CMB experiment considered. The inclusion of w a weakens the future constraint on the sum of neutrino masses, Σm ν . Other parameters, such as n S , that are degenerate with N eff , are, on the contrary, now better constrained.
Given the strong degeneracy in the w 0 -w a plane for these future experiments, it is clearly interesting to study the impact of a future GWSS determination of H 0 . As discussed in the previous section, a 3% accuracy on H 0 can be reached by the HLV network after two years of operation if the BNS detection rate is R > 3500 Gpc −3 yr −1 , a value well inside current limits. The same accuracy can be achieved by the HLVJI network after just one year of observation even assuming the lowest BNS rate of R = 320 Gpc −3 yr −1 . We found that including a 3% GWSS prior to the CMB+DESI constraints reported in Table VII the constraints on H 0 and on the dark energy parameters could be already improved at the level of 10 − 30%.
However, a ∼ 1% accuracy on H 0 is also directly attainable by future GWSS measurements, and it is interesting to discuss the impact of this improved determination on future combined cosmological parameter measurements. We report the constraints on cosmological Figure 5 . Forecasted constraints at 68% and 95% C.L. from CMB+DESI+GWSS67 data for the experimental configurations in Table I in case of the ΛCDM+Ω k +Σmν +w0+wa extended model. parameters for CMB+DESI+GWSS67 in Table VIII and the corresponding 2D confidence levels in Figure VIII . The measured value of the Hubble constant is practically identical to the assumed prior from the standard sirens (GWSS67), indicating that the standard siren measurements are contributing to the combined constraints on all related cosmological parameters. In particular, the constraints on the dark energy parameters w 0 and w a are substantially improved, by a factor ∼ 1.6-2.8, with the inclusion of the standard siren measurements.
IV. CONCLUSIONS
The recent observations of gravitational waves and electromagnetic emission produced by the merger of the binary neutron-star system GW170817 has introduced a complementary and direct method for measuring the Hubble constant. In the coming decade GW standard sirens are expected to produce constraints on H 0 with ∼ 1% accuracy. At the same time, improved constraints are expected from CMB experiments and from BAO surveys. In an extended ΛCDM parameter space, where we have considered variations in curvature, neutrino mass, and the dark energy equation of state, we have found that a combination of future CMB and BAO data can constraint the Hubble constant at the level of 1.5-2%. A similar accuracy may be reached by the HLV network in the second year of observations if the the BNS rate is R ≥ 2800 Gpc −3 yr −1 , in agreement with current limits on R, or by the HLVJI network after one year of observations with a more conservative BNS detection rate of R ≥ 1540 Gpc −3 yr −1 .
Gravitational wave standard sirens may reach a 1% measurement of H 0 within the decade, which when combined with future CMB data would constrain curvature to 0.3% and the dark energy equation of state to ∼ 5%. A GWSS measurement of the Hubble constant would also improve the constraints on these geometrical parameters coming from future CMB+BAO data by by 30-40%. In addition, the current 2σ Hubble tension between CMB+BAO and supernova data could be strengthened to 5σ with the inclusion of standard siren constraints.
When we further include time variations in the dark energy equation of state, parameterizing its evolution with a CPL function, we find that future CMB+BAO data will constrain the Hubble constant to ∼ 3%. This level of accuracy on H 0 can be independently reached by the HLV network of interferometers after the second year of operation if the BNS detection rate is R > 3500 Gpc −3 yr −1 , a value again well inside current limits, or by the HLVJI network after one year of observations even considering a low BNS detection rate of R = 320 Gpc −3 yr −1 . This standard siren measurement would therefore improve the CMB+BAO constraints on this model at the level of 10 − 30%.
Assuming a future H 0 accuracy of ∼ 1% from standard sirens, as to be expected within the decade, we find that the constraints on the dark energy equation of state parameters w 0 and w a from future CMB+BAO datasets can be improved by a factor 1.6-2.8. We conclude that standard siren measurements by the HLV and HLVJI gravitational-wave detector networks over the coming decade may significantly improve our understanding of cosmology. Σmν < 0.212eV < 0.216eV < 0.289eV < 0.150eV Table VII . Forecasted constraints at 68% and 95% C.L. from CMB+DESI data for the experimental configurations in Table I in case of the ΛCDM+Ω k +Σmν +w+wa extended model. Note the significant increase in the error on H0 (about a factor two) with respect to the ΛCDM+Ω k +Σmν +N eff +w scenario reported before.
Parameter LiteBIRD+DESI+GWSS67 S3wide+DESI+GWSS67 S3deep+DESI+GWSS67 CMB-S4+DESI+GWSS67 Table VIII . Forecasted constraints at 68% C.L. from CMB+DESI+GWSS67 data for the experimental configurations in Table I in case of the ΛCDM+Ω k +Σmν +w+wa extended model. Note the significant improvement in accuracy on H0 and on the dark energy parameters w0 and wa with respect to the CMB+DESI case.
